The complex autocatalytic reaction between potassium permanganate (KMnO4) and hydrogen peroxide (H2O2) was studied by online UV-Vis spectra methods. The kinetic profiles of the absorptive components, including KMnO4 and two intermediates, were obtained by resolving the spectra-kinetic matrix with iterative target transformation factor analysis (ITTFA). But for the product Mn(II), which is not absorptive in the monitoring wavelength range, this was not applicable. Therefore, local mass balance region (LMBR) technique was proposed to get all of the scaled profiles, especially the non-absorptive components. Influences of various reaction conditions, such as concentrations of H2O2 and sulfuric acid (H2SO4) and reaction temperatures, were also investigated. Contrary to most other reactions, when initial concentrations of hydrogen peroxide ([H2O2]0) are largely excessive ([H2O2]0/[KMnO4]0 >40), higher [H2O2]0 will decrease the degradation rate, while the higher temperature makes the reaction go much slower.
Introduction
Permanganate has been widely used to purify water and to determine pollutants in the field of environment pollution control, due to its high oxidation potential, low cost, ready commercial availability and ease of handling. [1] [2] [3] Nevertheless, permanganate oxidation requires complex and multi-step processes. After the successful observation of its autocatalytic characteristics in the 19th century, 4 many researchers have focused on its kinetic processes and tried to make out the mechanisms in permanganate reacting with different organic or inorganic reagents, [5] [6] [7] especially with the environmental contaminations 8, 9 and some biological molecules. 10, 11 During the reaction processes, manganese with different valence states were produced, which were regarded as various intermediates and were influenced by different pH values, temperatures, reagent concentrations, etc.
The intermediates always provide useful evidence for understanding the reaction mechanism. 12 But still now, some details about the reactions are still subject to debate. 13 Also, the reaction of potassium permanganate (KMnO4) oxidating hydrogen peroxide (H2O2), a classical autocatalytic reaction, has been researched for quite a long time. 14 In fact, the mechanisms involving KMnO4 and H2O2 are generally complex and manganese plays a significant role in these reactions. 15, 16 During the past kinetic research of chemical reactions, many chemical, physical and mathematic methods have been proposed. Recently, several widely used chemometrics methods, such as hard-modeling (HM), 17, 18 soft-modeling (SM), [19] [20] [21] and a combination of hard-and soft-modeling (HSM) 22, 23 have been developed and applied to resolve the kinetic processes in some complex reactions as well as to estimate the reaction rate constants. With the kinetic profile and pure spectrum of each component produced in the reaction, the reaction routes and related mechanisms can be described and explained in a new way. In this work, the method of iterative target transformation factor analysis (ITTFA) 24, 25 combined with multivariate curve resolution alternating least squares (MCR-ALS) 19, 20 has been applied to resolve the kinetic processes of the reaction between KMnO4 and H2O2 in sulfuric acid solution. Based on the calculation in the local mass balance region (LMBR), the kinetic profiles of both absorptive and non-absorptive components were scaled, and the pure spectrum of each absorptive component was attained as well. Besides, some interesting observations have been discussed under different reaction conditions, such as different temperatures, varying initial concentrations of H2O2 and sulfuric acid.
Experimental

Reagents and chemicals
KMnO4, H2O2 and H2SO4 were analytical reagent grade (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China). All solutions were prepared in deionized water.
KMnO4 solutions were standardized by using the classical Na2C2O4 method, and stored in brown bottles. H2O2 solutions were standardized by using KMnO4 which had been standardized by the method mentioned before. 
Apparatus
Agilent 8453 UV-visible spectrophotometer and Agilent 89090A Peltier temperature control accessory (Agilent Technologies, USA), transferpette (Brand Co. Ltd., Germany), 501 Type thermostat (Shanghai Laboratory Instrument Works Co. Ltd., China).
Procedure
All the solutions were kept in the 501 Type thermostat at different temperatures. For Set I and Set III, the reactions were investigated at 4.0 C; for Set II, the reactions between A2 and B2a was investigated at 2. A 1.00-ml aliquot of acidic KMnO4 was transferred into a 1-cm quartz cell in the thermostatted cell holder with a transferpette. Then an electromagnetic stirrer was turned on and 2.00 ml aliquot of H2O2 were rapidly added so as to start the reaction.
At the same time, Agilent 8453 UV-visible spectrophotometer was started up to record the spectra data in kinetic mode. Complete spectra were scanned in 1 or 2 s intervals (considering different reaction speeds, enough data must be recorded) at a wavelength from 250 to 650 nm (the wavelength range was selected for the reason that H2SO4 solution is absorptive below 250 nm and that would result in a disturbance in resolution; above 650 nm, all the components almost have no absorption). The entire spectra are shown in Fig. 1 .
Results and Discussion
Determine the numbers of the absorptive components
The absorption spectra during the reaction of KMnO4 oxidizing H2O2 are shown in Fig. 1 . The spectra data that ranged from 250 to 650 nm are designated as matrix Y, while those selected from 350 to 650 nm are designated as matrix Y*. According to the result of principal component analysis (PCA) of Y (Table 1) , the relative standard deviation (RSD) reaches the measurement noise level (which is usually lower than 0.001) when the number of the components (nc) arrives at 3. It indicates that there are three absorptive species at the wavelength range from 250 to 650 nm. However, for matrix Y*, there are only two absorptive species (Table 1, The needle search 26, 27 results of the two matrices in Fig. 2 (the corresponding initial reaction conditions were the same as in Table 1 ) confirm the conclusion. In a needle search curve, the numbers of the local minima indicate the numbers of the absorptive components. When the standard deviation (SD) value reaches its local minimum, the concentration of the corresponding component (reactant, intermediate or product) will reach the maximum. Moreover, the needle search results showed some similarity with different temperatures or different concentrations of H2SO4. And these corresponding time points are the key clues for ITTFA to construct the initial iterative vectors for every absorptive component. The construction processes are very simple, namely, set the elements of each vector to 1 at their local minima time points, and the others to 0. 
Resolution of the kinetic profiles in selective wavelength range
With every initial vector obtained from the needle search results for Y and Y*, ITTFA can resolve the kinetic profile of every absorptive species in turn (Fig. 3) .
For the reactant KMnO4, its absorption seems very significant from 500 to 650 nm. Besides, some references regard the absorption at this wavelength range as the characteristic absorption region. 12 So its kinetic profile is suggested to be resolved by the spectra data from 500 to 650 nm (line 1 in Fig. 3 ). And this wavelength range is the selective wavelength range for KMnO4.
For I1, its absorption information is presented in the needle search curve (line 2 in Fig. 2 ) over the whole wavelength range. So matrix Y is used to resolve the kinetic profile of I1. Its kinetic profile is shown in Fig. 3 (line 2) .
For I2, two kinetic profiles of I2 (lines 3a, 3b in Fig. 3 ) are achieved by resolving matrix Y and Y*, respectively. At a greater wavelength range, the kinetic profile resolved from Y (line 3a) is similar to that from Y* (line 3b), the only difference is that line 3a shifts forward several seconds ahead of line 3b. So which one is more reliable? This problem will be discussed in the following section.
Determine more reliable results for the kinetic profiles by MCR-ALS
In the ITTFA resolution processes, only kinetic profiles are restricted with non-negativity and unimodality. In fact, the pure spectrum of every component should also be restricted with non-negativity. This problem can be solved by MCR-ALS, 19, 20 which could restrict the kinetic profile and pure spectrum simultaneously.
Before MCR-ALS, two sets of the kinetic profiles of the three components, Qr and Qr*, are prepared. They are composed of the kinetic profiles (Fig. 3 ) of reactant (line 1), I1 (line 2) and I2 (line 3a in Qr, line 3b in Qr*).
Applying MCR-ALS to the kinetic profiles and matrix Y, it is found that for Qr*, the kinetic profiles of the three components have scarcely changed, while for Qr, the kinetic profile of I2 has converged to the former one resolved from Qr* (line 3b in Fig. 3 ).
In addition, if Qr is applied to compute the pure spectra (Eq. (4)), some negative values are always found in it at some wavelengths, which did not happen to Qr*. These comparison also indicates the kinetic profile of I2 resolved from Y* is more reliable. And this is because that I2 was less interfered with by I1 in the selective wavelength range than in the whole wavelength range.
Scale the kinetic profiles of absorptive and non-absorptive components
In fact, the kinetic profiles and absorption spectra resolved by ITTFA or other SM methods show "ambiguity of scale". That means, a spectral response is a product of kinetic profiles and sensitivity, and a change in scale for one can be offset by a reciprocal change in scale for the other. Nevertheless, the shape is just like the real one. This kinetic profiles are called relative kinetic profiles and designated as matrix Qr (nt × nc), where the size of the matrix is nt × nc: nt denotes the number of measurement time points and nc denotes the number of the absorptive species.
In order to transform the relative kinetic profiles into the real ones, one should compute the coefficient of each kinetic profile (δi) by the mass balance principle. 24 But in this reaction, the product of Mn(II) has no absorption in the measurement wavelength range. It seems impossible to scale their kinetic profiles. However, considering its autocatalytic characteristic, although Mn(II) can be produced at the beginning of the reaction, we think it will keep on reacting with Mn(VII) to form some intermediates (Eq. (6)).
Thus Mn(II) will not be significantly accumulated during quite a long time. And scale coefficients can be computed in this time region, which is called the local mass balance region (LMBR), by the mass balance principle. The larger the LMBR is, the more reliable the scale coefficients are.
LMBR is determined in the following steps: (a) Set a variable k = nc (the initial value of k is set based on the number of the absorptive components, so nc = 3 in this reaction).
(b) Construct the sub-matrices Qr(k × nc) by the first k rows in Qr(nt × nc).
(c) Scale the coefficients (δ) of the nc absorptive components in the sub-matrices Qr(k × nc),
Superscript T denotes the transpose of a matrix or a vector, 1 is a column vector of ones.
(d) Compute every scaled kinetic profile (qi) by qi = δiqri (i = 1, 2, ..., nc) within the first k time points (here, qri denotes the relative kinetic profile of ith component, i.e. the ith row in Qr (k × nc)).
(e) Calculate the corresponding error vector e (Eq. (2)) and its standard deviation (SDk) value. (Here, e-vector is calculated to show the difference between vector 1 and the sum of every scaled kinetic profile at all time points. If the components are all absorptive in the reaction, the sum of their scaled concentrations should be unity at any time, but if one of them is non-absorptive, the sum should not be unity, so that the non-absorptive component can be deduced by the e-vector or its SD value.) In this way, a plot of SDk value versus time point k could be shown in Fig. 4 . In this curve, the time region where the SD value is close to measurement noise is LMBR. So for this reaction, LMBR is 0 to 40 s, and it can be concluded that Mn(II) does not considerably accumulate during the first 40 s. In this LMBR, the coefficients (δi) and scaled kinetic profile (qi) of every absorptive component can be resolved.
At the same time, the kinetic profile of the non-absorptive product (Mn(II)) can be simply computed by Eq. (3) using the mass balance method over the whole time range.
Pure spectrum of each absorptive component With all the scaled kinetic profiles (Q) of absorptive manganese species (1, 2, 3 in Fig. 5a ), the pure spectra of the absorptive components (S) can be resolved by the least squares regression (Eq. (4)); they are shown in Fig. 5b . Since the initial reaction concentration of KMnO4 was known as 2.60 × 10 -4 mol L -1 , for the curve of KMnO4 in Fig. 5a , when its relative concentration q was 1, the absolute concentration was 2.6 × 10 -4 mol L -1 ; thus the other species' corresponding absolute concentrations were simply equal to their relative concentrations multiplied by 2.6 × 10 -4 mol L -1 . In Fig. 5b , the vertical axis represents the molar absorptivity.
Some references have reported that two absorptive intermediates, Mn(IV) and Mn(III), had appeared during the reaction process between KMnO4 and H2C2O4 in acidic solution. 12 In addition, these two intermediates are also observed in this reaction system. 15 Thereby, the two resolved intermediates, I1 and I2, can be deduced as Mn(IV) and Mn(III), respectively. And the skeleton pathways that manganese ions transform their valence states can be described as the following steps,
Furthermore, the autocatalytic characteristic of this reaction is well described in Eqs. (5) and (6) . From these mechanisms, we can clearly see that the formation of Mn(II) plays the key role in increasing the rate of Mn(VII). Once the formation of Mn(II) is blocked, the rate of Mn(VII) will decrease as shown in Eq. (6) . In the following sections, some abnormal phenomena in the reaction that have been observed are explained under various conditions.
The influences of several factors on the reaction rate
In this section, the kinetic profile of KMnO4 was resolved to discuss its reductive rate during various experimental conditions. The results are relatively complex and interesting.
Observed from the experiments with various H2O2 concentrations (Set I), the reductive rate of (Fig. 6a) ; while r > 40, higher [H2O2]0 decrease the reductive rate (Fig. 6b) . One possible reason is that the intermediate of Mn(III) will form a complex with excessive H2O2 (when r > 40). The complex blocks the formation of Mn(II) (Eq. (5)) and decreases the degradation rate of KMnO4 in its autocatalytic process (Eq. (6)).
Temperature also has different effects on the degradation rate of KMnO4 when different concentrations of H2O2 were added (Set II). The half life of KMnO4 (th) is employed to represent the rate constant. When r = 3, it can be found that the half life decreased with a rise of temperature.
While the concentration of H2O2 is much higher than that of KMnO4 (e.g. r = 600), opposite results have been observed. The half life increased with a rise of temperature. When the temperature was followed by 4.0, 8.0, 16.0, 25.0 C, the half life of KMnO4 was respectively 29.6, 37.5, 42.3, 45.1 s. It is very difficult to understand this abnormal phenomenon. One possible reason is that in high [H2O2]0, Mn(III) complex will form more quickly when temperature rises. The complex slows down the formation of Mn(II) and will decrease the degradation rate of KMnO4 (Eq. (6)).
As to the factor of sulfuric acid concentration (Set III), at a relatively low 
Conclusions
The autocatalytic reaction between KMnO4 and H2O2 undergoes a complex and interesting process. In this reaction, three absorptive components, one reactant (Mn(VII)) and two intermediates (Mn(IV), Mn(III)), and a non-absorptive product (Mn(II)) were determined. Using SM methods, the kinetic profiles of three absorptive components were successfully scaled in LMBR. Then the kinetic profile of the non-absorptive product was also obtained by the mass balance principle. The four scaled kinetic profiles of manganese with different valence states provide a clue to understand the reduction mechanism of KMnO4.
In fact, these reaction processes are quite complex and some abnormal phenomena are observed. At 4 C, when [H2O2]0 is largely excessive, higher [H2O2]0 slows down the reductive rates of KMnO4. And at a large excess of [H2O2]0, the temperature has a negative effect on the reductive rates of KMnO4. These abnormal phenomena may result from the complicated formation between H2O2 and an intermediate of manganese.
